Mesoporous silica nanoparticles (MSNs), with their large surface area and tunable pore sizes, have been widely applied for anticancer therapeutic cargos delivery with a high loading capacity. However, easy aggregation in saline buffers and limited blood circulation lifetime hinder their delivery efficiency and the anticancer efficacy. Here, new multifunctional MSNs-supported red-blood-cell (RBC)-mimetic theranostic nanoparticles with long blood circulation, deep-red light-activated tumor imaging and drug release were reported. High loading capacities were achieved by camouflaging MSNs with RBC membrane to co-load an anticancer drug doxorubicin (Dox) (39.1 wt%) and a near-infrared photosensitizer chlorin e6 (Ce6) (21.1 wt%). The RBC membrane-coating protected drugs from leakage, and greatly improved the colloidal stability of MSNs, with negligible particle size change over two weeks. Upon an external laser stimuli, the RBC membrane could be destroyed, resulting in 10 times enhancement of Dox release. In a 4T1 breast cancer mouse model, the RBC-mimetic MSNs could realize in vivo tumor imaging with elongated tumor accumulation lifetime for over 24 h, and laser-activated tumor-specific Dox accumulation. The RBC-mimetic MSNs could integrate the Ce6-based photodynamic therapy and Dox-based chemotherapy, completely suppress the primary tumor growth and inhibit metastasis of breast cancer, which could provide a new strategy for optimization of MSNs and efficient anticancer drug delivery.
Introduction
Breast cancer is a serious hazard to woman health. Current single therapeutic effect remains unsatisfying, especially for high metastatic breast cancer, which lead to over 90% of death [1] . Up to now, no effective treatment or strategy has been approved by Food and Drug Administration (FDA). Theranostic nanomedicines could integrate multiple pathways of cancer diagnosis and treatment with many advantages, e.g. synergetic efficacy, minimized side effects and reversal of drug resistance, which showed enormous potentials for efficient anticancer therapy [2] [3] [4] .
To maximize the cooperative effect, different amount of therapeutic agents should be delivered to the same tumor cells with sufficient dose. Mesoporous silica nanoparticles (MSNs) showed the great Ivyspring International Publisher potential for drug delivery based on their attractive features, such as controllable size, large surface area (>1000 m 2 g -1 ), tunable pore sizes (2-20 nm) and high pore volume [5] . The major advantage is that the pore size and surface chemistries can be easily modified to accommodate a variety of components (chemotherapeutic drugs, RNA, peptides or photosensitizers, etc) with high loading capacities [6] . However, there are still some limitations for efficient drug delivery. One is the dispersion of MSNs. Since MSNs are generally charge-stabilized, they may be destabilized to form aggregation in saline buffers such as blood, which leads to the leakage and premature release of the physically adsorbed drugs [7] . Another is the limited circulation lifetime caused by the recognition by the reticule endothelial system (RES), which could result in sublethal tumor-targeted distribution of therapeutic drugs [8, 9] . The great efforts have been made to modify MSNs with various polymers, such as polyethylene glycol [10] , block copolymers [11] , chitosan [12] ), and bulky groups [13] (e.g. Au, CdS nanocrystals) through chemical modification or electrostatic action, which could stabilize MSNs, prolong the blood circulation and control the release of drugs [14] . However, the functionalization could reduce the surface area and pore size, limiting the following drug loading. While drug was pre-loaded, it could bring about an inevitable drug loss during the long time chemical modification and the repetitive purify of MSNs [15] . To enhance the tumor accumulation of MSNs, their surfaces were often modified with tumor-specific ligands to activate tumor targeting. However, the in vivo biodistribution of many ligand-modified nanoparticles is not satisfied as initially expected because the ligand attachment often decreases the ligand affinity to receptors on tumor cells and their circulation lifetime [16] . Therefore, it is very urgent to find a simple and efficient strategy to overcome these deficiencies to achieve efficient tumor drug delivery.
Remarkable biocompatibility, immune-invasive capacity and protecting cargoes for long circulation lifetime, all these requirements inspired us to associate the natural long circulating carrier, red blood cells (RBCs), for efficient drug delivery [17] [18] [19] . It is reported that the abundant glycans, proteins and receptors on the RBC membranes' surfaces play an indispensable role for avoiding the immune system attack of RBCs [20] . The intact RBC membrane could directly coat on the nanoparticles' surface to inherit the functions of RBCs [21] and has exhibited many advantage functions [22, 23] . Besides, utilizing a well-established top-down method, this membrane coating could be oriented-right [24] [25] [26] , and avoid complex chemical modification, which may interfere with the loading capacity of MSNs. External stimuli, such as light [27] , ultrasound [28] , and magnetic field [29] , have been widely used to activate tumor targeting. Among them, utilizing an external laser to realize controllable drug release, has received more attention, which is noninvasive, deep tumor penetration and could be controlled remotely and precisely [30] .
Herein, we designed a laser-responsive MSNs-supported RBC-mimetic nano drug delivery system (NDDS) with enhanced blood circulation and tumor-specific drug release. A photosensitizer chlorin e6 (Ce6) and doxorubicin (Dox) were co-loaded in the porous of stellate MSNs (MSNs-Dox/Ce6), and RBC-mimetic vesicles (RVs) extracted from RBC membrane were coated on the MSNs surface to form the final RVs-coated MSNs-Dox/Ce6 (RMSNs-Dox/Ce6) (Scheme 1). We hypothesize the RBC membrane could stabilize MSNs in blood, protect the encapsulated drugs from leakage and enhance the circulating lifetime. In return, MSNs could suppress RBC membrane fluctuations and possess a high drug loading capacity. Owing to the fluorescence of Ce6, RMSNs-Dox/Ce6 could serve as an in vivo tumor imaging probe. Besides, when stimulated by an external laser, Ce6 could generate reactive oxygen species (ROS) and destroy the RBC membrane, as well as the tumor cell membrane, leading to a rapid Dox release and a tumor-specific Dox accumulation. We expected that RBC-mimetic MSNs could integrate the Ce6-based photodynamic therapy and the Dox-based chemotherapy to completely suppress the metastatic breast cancer.
Results and discussions

Preparation and characterization of RMSNs-Dox/Ce6
As illustrated in Scheme 1, we extracted RBC membrane vesicles (RVs) from RBCs, prepared Dox and Ce6 co-loaded MSNs (MSNs-Dox/Ce6), and then coated MSNs-Dox/Ce6 with RVs to fabricate the RVs-coated MSN-Dox/Ce6 (RMSNs-Dox/Ce6). In this work, stellate MSNs with a special radial pore morphology were chosen, which were recently reported as ideal scaffolds for medical applications and mass drug delivery [31] [32] [33] . The provided MSNs have the Brunauer-Emmett-Teller surface area of more than 1000 m 2 /g, the well-defined conical pore size of 2.9 nm and the inter particle void size up to 50 nm. As shown in Figure 1A , the MSNs-Dox/Ce6 exhibited stellate morphology, while RMSNs-Dox/Ce6 were regular sphere with a core-shell structure. The high magnification of RMSNs-Dox/Ce6 transmission electron microscope (TEM) images indicated the existence of the RBC membrane shell. The hydrodynamic diameter of the monodisperse mesoporous silica nanosphere was 91.2 nm (PDI= 0.108) ( Figure 1B) , and the zeta potential was determined to be +5.1 mV, which could be due to the potentially residual hexadecyl trimethyl ammonium Bromide (CTAB). The drug loading ratio (DL%) and encapsulation efficiency (EE%) were 39.8% and 97.6% for Dox, and those of Ce6 were 21.1% and 96.3%, respectively. The high loading capacities could be due to the high surface-volume ratio of MSNs. After RBC membrane coating, the particle size of MSNs-Dox/Ce6 increased to 107.7 nm (PDI= 0.121) with zeta potential decreasing to -14.0 mV, comparable to that of RVs (-15.0 mV), both suggested the successful coating of RVs onto the surfaces of MSNs.
An ideal nano-sized drug delivery system should keep its stability in blood circulation and controllably release drug in the tumor environment. Thus, the serum stability assay of MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 was evaluated in 1640 medium containing 10% FBS. The particle size of the MSNs significantly increased over time, indicating the unstable aggregation, while there was only slight size change of RVs-coated MSNs (RMSNs) throughout a long period time of two weeks ( Figure S1 ). The aggregation phenomenon was also observed with the apparent precipitation in the bottom of the cube containing MSNs-Dox/Ce6 solutions, while the RMSNs-Dox/Ce6 sample maintained clear after two weeks' storage ( Figure 1C) . The stabilizing effect of RBC membrane could be attributed to the copious surface glycans, which are highly hydrophilic and supporting steric stabilization of cells [34] .
Then we wonder whether the abundant proteins and receptors could play their role to evade immune attack. A western-blotting analysis confirmed that most of the membrane proteins were retained during the preparation of RV and RMSNs ( Figure S2A ). More importantly, CD47, the "don't eat me" biomarker of RBCs to prevent RES recognition, was confirmed on RMSNs' surfaces. Then we investigated the orientation of coated RBC membrane, and the bioactivity of these proteins on their surface, especially the function to escape the uptake by macrophage cells (Figure S2B-C Then the in vitro Dox release behaviors of nanoparticles in different pH at 37℃ were also investigated ( Figure 1D ). MSNs-Dox/Ce6 showed a fast Dox release profile in PBS (pH=7.4), with 55.2% cumulative release within 12 h and 72.3% after 48 h, which indicated the instability of MSNs-Dox/Ce6 in physical medium. After RVs coating, RMSNs-Dox/Ce6 showed a good stability with negligible drug release over 48 h. In addition, RMSNs-Dox/Ce6 and MSNs-Dox/Ce6 showed a pH-dependent release behavior with more Dox released at lower pH (pH= 5.0), which could be due to the more protonated silanols on the MSN surfaces when exposed to lower pH, leading to a decreased electrostatic interaction and dissociation of Dox from the MSN cores [35] .
Ce6 was a widely-used photosensitizer for PDT with the fluorescence emission in the deep-red light region [36] . The fluorescence efficiency of Ce6 was evaluated by the UV-Vis spectroscopic measurement. As shown in Figure S3 , free Ce6 displayed a maximum absorbance peak at 405 nm and an obvious signal at 650 nm. Successful Ce6 loading in MSNs was convinced with the identified characteristic absorption peak. The MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 showed a slight red shift of Ce6's maximum peak compared to MSNs-Ce6, which was probably due to the variations of the local refractive index of the surfacing medium [37] . The UV-Vis absorption of Dox was also recorded. Free Dox showed a wide maximum absorbance peak around 479 nm. After loading into MSN nanoparticles, the fluorescence signal of Dox was significantly decreased, which could be due to the high Dox concentration within MSNs-Dox/Ce6, resulting in self-quenching of fluorescence [38] .
As generation of cytotoxic ROS is critical for photodynamic therapy of cancer, we evaluated the generation of single oxygen by RMSNs-Ce6 under the 655nm laser irradiation using singlet oxygen sensor green (SOSG) as a ROS probe. As shown in Figure 1E , blank RMSNs produced negligible ROS, while 655 nm laser-irradiated RMSNs-Dox/Ce6 produced significantly increased ROS over time within 30 min, which was similar to free Ce6 and RMSNs-Ce6. Besides, the production of ROS from 655 nm laser-irradiated RMSNs-Dox/Ce6 (Ce6 concentration = 10 ng/mL) was found to be positively correlated with the power density ( Figure S4 ). The effective ROS generation of Ce6 in RMSNs-Dox/Ce6 enabled effective PDT treatment of breast cancer, and also suggested the potential for laser irradiation-triggered drug release.
We further evaluated the Dox release from RMSNs-Dox/Ce6 triggered by laser irradiation ( Figure 1F ). After irradiated by a 655nm laser at 2 W cm -2 for 5 min, Dox release from RMSNs-Dox/Ce6 surged from 0.5% to 10.6% at the starting point. Laser-triggered Dox release was also observed at 1 h, 3 h and 5 h, in which Dox was released from 2.7% to 21.0%, 4.3% to 32.1% and 5.8% to 46.9%, respectively. These results indicated that the release of Dox from RMSNs-Dox/Ce6 could be controlled by laser efficiently.
To investigate the effect of laser irradiation on Dox release, the final fluorescence of Dox in RMSNs-Dox/Ce6 was visualized by an image lab system ( Figure S5 ). The fluorescence signal of Dox almost silenced in RMSNs-Dox/Ce6, it was probably due to the self-quenching of Dox fluorescence. Driven by the laser illumination, Dox was released and led to a significantly enhancement of Dox fluorescence. The mechanism could be that the laser-triggered ROS generation by Ce6 in RMSNs-Dox/Ce6 could disturb the permeability of cell membrane [39] , and the loaded Dox was rapidly released. On the other hand, the fluorescence signal of Ce6 in the free Ce6 and RMSNs-Dox/Ce6 groups were significantly decreased after long-time laser irradiation ( Figure S6 ), which was probably due to the photobleaching [40] . These results indicated that the RBC membrane coating could hinder the drug leakage from the cores on the MSNs' surface and promise a steady drug delivery, and the RMSNs-Dox/Ce6 could provide a controllable drug release triggered by laser irradiation, leading to a promised and effective chemotherapy.
Laser-triggered activation of RMSNs-Dox/Ce6 in vitro
To further investigate the cellular uptake of Dox and laser-triggered Dox distribution of RMSNs-Dox/Ce6 in 4T1 breast cancer cells, the intracellular photoactivity of Ce6 in RMSNs-Dox/Ce6 was examined.
2',7'-dichlorfluorescein-diacetate (DCFH-DA) was used as a fluorescence probe of ROS ( Figure 2A ). Without laser illumination, non DCF signals were observed in free Dox, MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 treated 4T1 cells, and the red fluorescence signals were mainly found surrounding the nuclei, respectively. After laser illumination with a 655nm laser for 5 min, the strong green fluorescence was observed in RMSNs-Dox/Ce6-treated cells, demonstrating the obvious generation of ROS and the cytosol diffusion of Ce6. Also observed was strong red fluorescence spots in the cytoplasm as well as the nuclei, which demonstrated that the laser-driven ROS generation could stimulate drug release and cytosol diffusion of Dox. The influence of laser power on intracellular ROS generation of RMSNs-Dox/Ce6 was further quantified by flow cytometry ( Figure 2B ). Since tumor cells treated with laser irradiation alone did not generate ROS ( Figure S7 ), the intracellular ROS concentration was positively correlated with the power density, and reached to the peak value at a laser power of 2.5 W/cm 2 . Figure 2C revealed that after 1, 2 and 4 h incubation, RMSNs-Dox/Ce6 with laser irradiation could induce 1.9-, 2.0-, 2.0-fold enhancement of Dox accumulation compared to that without laser, respectively ( Figure 2C ). The laser-triggered enhancement of RMSNs-Dox/Ce6 distribution in cells could be because the laser-triggered ROS from Ce6 in RMSNs-Dox/Ce6 would oxidize the adjacent unsaturated phospholipid molecules in the RBC membrane as well as the cancer cell membrane, form defects and affect the permeabilization of cell membrane, leading to the increased cellular uptake of nanoparticles and Dox release from the nanoparticles [41] .
In vitro chemo-photodynamic therapy of RMSNs-Dox/Ce6
The cytotoxicity of all Dox-loaded formulations or carriers was evaluated by sulforhodamine B staining (SRB) assay ( Figure 3A-B) . For photodynamic treatment, cells treated with blank RMSNs, free Ce6, RMSNs-Ce6, MSN-Dox/Ce6 or RMSNs-Dox/Ce6 for 4 h were irradiated with a 655nm laser at 2 W/cm 2 for 5 min. After 24 h incubation, blank MSNs, RMSNs, and RMSNs+Laser showed negligible cytotoxicity in 4T1 cells, indicating the good compatibility of MSNs and RMSNs even at the MSNs concentration of 25μg/mL, as well as laser irradiation alone in 4T1 cells ( Figure  S8 ). RMSNs-Dox displayed higher cytotoxicity than that of free Dox. The similar result was observed in the photocytotoxicity experiment of Ce6 in 4T1 cells. Ce6 at the concentration of 5 μg/mL killed 40.4% cells in RMSNs-Ce6 and 75.9% cells in free Ce6 group (Figure 3B) , respectively. There results demonstrated RMSNs-Dox and RMSNs-Ce6 could improve the cytotoxicity of Dox and the photocytotoxicity of Ce6 upon laser irradiation, respectively. This could be due to the slightly enhanced drug uptake of nanoparticles than the free ones ( Figure  2A ). RMSNs-Dox and RMSNs-Dox/Ce6+Laser showed the significantly enhanced cytotoxicity of 4T1 cells compared to MSNs-Dox and MSN-Dox/Ce6+Laser, respectively. The IC50 values of Dox against 4T1 cells was 2.6 μg/mL for RMSNs-Dox and 0.9 μg/mL for RMSNs-Dox/Ce6+Laser, which was 1.4-and 1.5-fold lower than that of MSNs-Dox (3.7 μg/mL) and MSN-Dox/Ce6+Laser (1.6 μg/mL), respectively. This was probably because RBC membrane coating could prevent premature drug release of MSNs, leading to efficient Dox distribution in 4T1 cells. RMSNs-Dox/Ce6+Laser also showed the most effective cell killing ability compared to both free Dox and RMSNs-Dox groups as expected, the IC50 of which was 5.0-and 2.8-fold lower than that of free Dox (4.5 μg/mL) and RMSNs-Dox (2.6 μg/mL), respectively.
The results demonstrated RMSNs-Dox/Ce6 could prevent premature drug release, trigger efficient intracellular Dox distribution, and integrate PDT and chemotherapy to efficiently kill 4T1 cells under laser irradiation.
To further visualize the efficiency of RMSNs-Dox/Ce6, 4T1 cells incubated with RMSNs-Dox/Ce6 were treated with or without laser irradiation at 2 W/cm 2 for 5 min. Cells were then stained with calcein-AM and PI to identify live and dead/late apoptotic cells, respectively. As shown in Figure 3C , laser irradiation alone showed negligible effect on cell viability, suggesting laser illumination at power density of 2 W/cm 2 was safe for 4T1 cells. On the other hand, cells incubated with RMSNs-Dox/Ce6 for 24 h caused 75.2% cell death, and significantly decreased cell density was observed. Similar results were also observed in cells treated with RMSNs-Dox/Ce6+Laser, which caused cell death up to 92.1% with negligible green spots in the image. The decreased cell intensity could be due to the cytotoxicity of RMSNs-Dox/Ce6, which induced the cell apoptosis and detachment from the plate. These results indicated that RMSNs-Dox/Ce6 could integrate the synergetic effect of chemotherapy and photodynamic therapy under laser stimuli, leading to the most efficient cell killing capacity.
In vivo blood retention behavior of RMSNs-Dox/Ce6
To investigate the role of the coated RBC membrane on the blood retention of MSNs-Dox/Ce6, we conducted the pharmacokinetic experiment of RMSNs-Dox/Ce6. The blood of the same rats was chosen for RMSNs-Dox/Ce6 fabrication to avoid immune reaction caused by blood cell type inconformity [42] . SD rats were i.v. administrated with free Dox, MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 at Dox dose of 5mg/kg, respectively. As shown in Figure 4A , free Dox exhibited a rapid elimination from the blood circulation, with undetectable fluorescence signal after 6h. RMSNs-Dox/Ce6 showed remarkably enhanced blood retention of Dox in comparison with free Dox and MSNs-Dox/Ce6. The elimination half-time (T1/2) of RMSNs-Dox/Ce6 was 18.2 h, 9.4-and 67.2-fold higher than that of MSNs-Dox/Ce6 (1.9 h) and free Dox (0.27 h), respectively (Table S1 , supporting information). In addition, compared to MSNs-Dox/Ce6, other significantly changed Dox pharmacokinetic parameters were also observed, such as higher area under the curve (AUC(0-∞)), mean residence time (MRT (0-∞) ), and significantly lower total clearance (CL). These results indicated the RBC membrane coating could significantly prolong the circulation time of MSNs, which was probably due to the immune-evasive ability of the RBC membrane protein, as well as the membrane protection of the loaded Dox from premature release.
We further evaluated the hematological biocompatibility of RMSNs-Dox/Ce6. As shown in Figure S9 , MSNs-Dox/Ce6 induced significantly hemolytic effect at elevated concentrations, which could be due to the large amount of Si-OH on the surface of MSNs and their stellate morphology [43, 44] . In contrast, RMSNs-Dox/Ce6 exhibited much lower hemolytic effect. At a high MSN concentration of 250 μg/mL, the hemolysis percentage of RMSNs-Dox/Ce6 was only 7.5%, significantly lower than that of MSNs-Dox/Ce6 (49.1%). This result showed that the RBC membrane coating could reduce the toxicity of MSNs on red blood cells, which was probably due to the much-decreased Si-OH amounts exposed in the blood, and the changed morphology of MSNs. These results suggested that RMSNs-Dox/Ce6 could provide a safe and sustained drug delivery in blood circulation. We believed the abundant RBC membrane proteins on the surface of RMSNs could prevent immune attack and displayed low immunogenicity, these proteins, however, could also be a immunogenic construct as they are targets of the autoimmune hematolytic anemia. For further clinical applications, such kind of RBC-mimetic nanoparticles still remained to be carefully checked for their immunogenicity, and allogeneic RBCs should not be used for fabrication, as the alloantigen might cause higher risk of immunoreaction.
In vivo imaging and improved biodistribution profile of RMSNs-Dox/Ce6
Benefited to the strong fluorescence emission of Ce6 in the deep-red light region, the in vivo biodistribution of RMSNs and MSNs was investigated in a 4T1 orthotopic 4T1 cancer spontaneous mouse model ( Figure 4B-C) . Mice injected with MSNs-Ce6 formulation showed slight signals at peritumor site at 1 h post administration and rapidly decreased, and revealed negligible signals at 24 h after i.v. injection, which could be due to the recognition of the reticulo-endothelial system (RES), as well as the leakage of Ce6 from the nanoparticles, resulting in a rapid clearance from the circulation system. Mice injected with RMSN-Ce6 showed significantly enhanced and sustained fluorescence distribution in tumor sites compared to MSN-Ce6 groups. At 4 h post injection, the fluorescence signals reached the maximum. Then, the fluorescence intensity dropped slowly over time due to blood clearance, which could be because the RBC membrane coating could protect the encapsulated Ce6 from premature leakage, as well as evade the immune system to obtain a long circulation time, leading to enhanced tumor distribution via EPR effect. Afterwards, the ex vivo biodistribution of RMSNs-Ce6 was examined in 4T1 tumor bearing mice using fluorescence imaging ( Figure 4B) . At 24 h after administration, MSNs-Ce6 mainly distributed in liver, lung and kidney, with negligible fluorescence in the tumor, implying clearance by renal filtration and macrophage cells. In contrast, RMSNs-Ce6 displayed significantly decreased fluorescence intensity in the liver, spleen and kidney compared to MSN-Ce6, respectively. These results demonstrated that RMSNs-Ce6 could improve the biodistribution of MSNs-Ce6 by RBC membrane camouflaging, and proved as an effective fluorescence probe for in vivo tumor imaging. Inspired by the above results, we further investigated the biodistribution of Dox in RMSNs-Dox/Ce6 in the 4T1 tumor-bearing mice ( Figure 4C ). 4 h was chosen as the time point for laser irradiation. As continuing exposure of mice to near-infrared light might cause protein dehydration and electrokinetic potential change of erythrocytes in circulation, the laser irradiation time was limited to 5 min only at the tumor position [45] [46] [47] . Free Dox was set as a control, for RMSN-Dox/Ce6+Laser group, mice were irradiated by a laser at power of 2 W/cm 2 for 5 min at the tumor site at 4 h after i.v. injection of RMSN-Dox/Ce6. Free Dox was widely distributed into major organs and rapidly eliminated. The accumulation of Dox in tumor was negligible after 4 h. However, in RMSN-Dox/Ce6 group, the Dox distribution in the heart was significantly decreased, while the accumulation in tumor and lung was greatly enhanced at all time-points, which could be helpful for the treatment of the primary tumor and the lung metastases, as well as decreasing the cardiotoxicity of Dox. This could be due to the enhanced EPR effect and the decreased RES capture. Furthermore, under a laser stimuli, the tumor accumulation of Dox in RMSN-Dox/Ce6 was greatly enhanced, which was 2.0-and 2.1-fold higher than that without laser irradiation. The laser-activated tumor-specific Dox accumulation was probably attributed to two reasons. Firstly, the laser-triggered ROS generation from Ce6 in RMSNs-Dox/Ce6 could destroy the permeabilization of tumor cell membranes, leading to enhanced penetration and cellular uptake of Dox in tumor sites. Secondly, the ROS could also form defects of the RBC membrane, leading to rapid Dox release and wide distribution in the tumor sites.
In vivo anticancer and anti-metastasis efficacy
The ability of RMSNs-Dox/Ce6 combined with laser irradiation to inhibit the growth of the primary tumor and lung metastases was investigated in nude mice bearing orthotopic 4T1 breast tumors. When the tumor volume reached 100 mm 3 , mice were injected with different formulations or carriers at a Dox dose of 5 mg/kg and a Ce6 dose of 2.5 mg/kg. Illumination treatment was performed at 4 h after i.v. injection. Two mice groups (saline and RMSNs+Laser) were set as controls. As shown in Figure 5A and Figure S10 , at the end of experiment, the tumor volume and the tumor weight of the free Dox-treated group were 68.4% and 67.8% of the control group, respectively. The addition of Ce6 plus irradiation slightly enhanced the tumor inhibitory effect, with 43.8% and 44.6% reduction in tumor volume and tumor weight at the end of 22 days, respectively. After Dox and Ce6 were co-loaded in MSNs, MSNs-Dox/Ce6+Laser showed 56.3% and 59.7% reduction of tumor volume and tumor weight compared to those of the control group, respectively. After RBC membrane coating, the highest antitumor efficacy was achieved in RMSN-Dox/Ce6+Laser group, with complete inhibition of the tumor growth from day 13. The tumor volume was only 6.1% compared to those of the saline group, which was 9.2-and 7.2-fold lower than that of Dox/Ce6+Laser and MSNs-Dox/Ce6+Laser, respectively. This enhanced anticancer efficacy could be because the RBC membrane coating could improve the circulation time of the encapsulated therapeutic agents, protect them from leakage, and lead to improved drug accumulation in the tumor via EPR effect ( Figure  4A-B) .
On the other hand, the RMSNs-Dox/Ce6+Laser group also showed superior reduction of tumor volume compared to RMSNs-Dox (28.2%) and RMSNs-Ce6+Laser (34.6%) groups, which was 5.7-and 4.6-fold lower than that of RMSNs-Ce6+Laser and RMSNs-Dox groups, respectively. The tumor inhibition rate of RMSNs-Dox/Ce6 was 91.4%, which was significantly higher than RMSNs-Ce6+Laser (68.9%) and RMSNs-Dox (73.7%), respectively. These results indicated the dramatically enhanced antitumor efficacy of the combined chemo-photodynamic therapy of RMSN-Dox/Ce6+Laser than the mono chemotherapy or photodynamic therapy. The body weights were also measured to investigate the systemic toxicity. As shown in Figure 5B , free Dox and Dox/Ce6+Laser showed rapidly decreased body weights, but the weight recovered to the normal level at the end. Other groups exhibited slightly increased body weights, indicating low systemic toxicity of these formulations.
The mechanism of the antitumor effect of RMSN-Dox/Ce6+Laser was further exploited by TUNEL staining of excised tumors. As shown in Figure 5D , the degree of apoptosis was consistent with that of the tumor inhibition. Non-apoptosis fluorescence signal was observed in saline group. Dox and Dox/Ce6+Laser groups showed certain apoptosis, MSNs-Dox/Ce6+Laser, RMSNs-Dox and RMSNs-Ce6+Laser groups exhibited considerable apoptosis, and the RMSNs-Dox/Ce6+Laser group showed the maximum range of apoptosis fluorescence, which indicated that the efficient suppression of tumor growth resulted from RMSNs-Dox/Ce6 and Laser-induced apoptosis of tumor cells.
Since the 4T1 tumor is a high spontaneous lung metastasis breast tumor, the anti-metastasis effect was also evaluated (Figure 6A-B) . Wide metastases tumor burden was observed in the lung of the saline group, with average metastatic foci of 55, confirmed by hematoxylin and eosin (H&E) staining. Dox and Dox/Ce6+Laser showed fewer range of metastases burden, with average metastatic nodules of 33.6 and 32.5, respectively. The metastatic foci of MSNs-Dox/Ce6, RMSNs-Dox and RMSNs-Ce6+Laser groups was reduced to 14.5, 8.7 and 12.5, which was 56.9%, 73.3% and 75.1% fewer than that of the saline group, respectively. This could be benefited from the drug distribution in the primary tumor, and the lung with metastases. RMSNs-Dox/Ce6 with combination of laser irradiation significantly enhanced the anti-metastatic efficacy, with no metastatic foci found in the lung, which was confirmed by the H&E staining. This could be attributed to the most effective inhibition of the primary tumor growth and the complete suppression of lung metastasis occurrenc. Taken together, RMSNs-Dox/Ce6 combined with laser irradiation could provide a synergetic effect of the chemo-photodynamic therapy, to completely suppress the growth of the primary tumor and lung metastases of breast cancer.
Histological analysis
At the end of the anticancer experiment, major organs were excised and investigated by histopathological analysis (Figure 7 ). Obvious accumulation of neutrophils in the heart was observed in the free Dox and Dox/Ce6+Laser groups compared to the saline group, indicating apparent cardiotoxicity caused by free Dox. Non-evident pathological change was detected in the slices of heart, liver, spleen and kidney of RMSN-Dox and RMSNs-Dox/Ce6+laser groups, indicating that the nanoparticle formulation and the RBC membrane coating could decrease the cardiac toxicity caused by Dox, which was probably due to the reduced accumulation of Dox in the heart. This results suggested that RMSNs-Dox/Ce6+Laser could effectively suppress the tumor growth and pose no obvious signals of toxic side-effects in mice. . H&E staining of heart, liver, spleen and kidney (100×) at the end of the antitumor inhibition test. The black circles indicated the inflammation in the heart of the Dox-treated mice. Scale bar = 100 μm.
Conclusion
In summary, we aimed at the easy aggregation in saline buffers and the limited circulation lifetime of current MSNs, fabricated the laser-responsive MSNs supported RBC-mimetic nanoparticles with long time circulation and controlled tumor-specific drug release, to realize efficient anticancer drug delivery. The coated RBC membrane could greatly enhance the colloidal stability of the supported MSNs, and protect the encapsulated Dox and Ce6 from premature release in the bloodstream. Benefited from the strong fluorescence of Ce6, RMSNs-Dox/Ce6 could be applied as a tumor imaging probe in vivo. Utilizing an external laser, the generated ROS from Ce6 in the RMSNs-Dox/Ce6 could destroy the RBC membrane, leading to an effectively enhanced Dox release profile.
Besides, ROS could also destroy the permeabilization of tumor cell membranes, suggesting the tumor-specific cellular uptake and penetration of RBC-mimetic MSNs. In a metastatic 4T1 breast cancer mouse model, RMSNs-Dox/Ce6 completely suppressed the primary tumor growth and inhibited metastasis occurrence. These findings suggested the great potential of MSNs-supported RBC-mimetic nanoparticles for efficient antimetastasis therapy, which offered a new direction for MSNs optimization.
Experimental Methods
Materials
Doxorubicin
(Dox) hydrochloride was purchased from Hisun Pharmaceutical Co. Ltd., (Zhejiang, China). Chlorin e6 (Ce6) was obtained from J&K Scientific Ltd., (Shanghai, China). Monodisperse Mesoporous Silica Nanosphere-Stellate MSNs (MSNs) was purchased from XFNano (Nanjing, China). Trypsine-EDTA, fetal bovine serum (FBS) and phosphate buffered solution (PBS) were purchased from Gibco-BRL (Burlington, Canada). The RPMI 1640 medium and hoechst 33342 were obtained from Yeasen (Shanghai, China). Singlet oxygen sensor green reagent, propidium iodide (PI), Reactive oxygen species assay kit and LIVE/DEAD Viability/Cytotoxicity Kit were purchased from Invitrogen (Oregon, USA). Protease inhibitor cocktail (EDTA-Free, 100× in DMSO) was obtained from SelleckChem (Houston, USA). Other chemicals if not mentioned were analytical grade and obtained from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure water was produced with a Milli-Q water purification system. All glassware was rinsed extensively with ultrapure water and dried before use.
Cell culture
4T1 mouse mammary tumor cells and mouse macrophage RAW 264.7 cells were obtained from Cell Bank of Shanghai, Chinese Academy of Sciences (Shanghai, China). 4T1 Cells were cultured in RPMI 1640 containing 10% fetal bovine serum (FBS), 2.5g/L glucose, 0.11 g/L Sodium Pyruvate, 100 U/mL penicillin G sodium and 100 mg/mL streptomycin sulfate (complete 1640 medium). RAW264.7 cells were grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin G sodium and 100 mg/mL streptomycin sulfate. Both 4T1 and RAW264.7 cells were maintained at 37℃ in a humidified and 5% CO2 incubator.
Animals
Female BALB/c nude mice and BALB/c mice (18-20g) To prepare the Ce6 loaded MSN (MSNs-Ce6), the Ce6 solution (10 mg dispersed in PBS) was dropwise added to 10 mL distilled water containing 10 mg MSN slowly, and stirred at room temperature overnight to reach the equilibrium state. The resulting solution was then centrifuged at 8000 rpm for 10 min, and washed with distilled water to remove the physically adsorbed Ce6. Dox loaded MSNs (MSNs-Dox) was prepared with the same procedure of MSNs-Ce6. To prepare the Ce6 and Dox co-loaded MSNs (MSNs-Dox/Ce6), Dox (10 mg) and Ce6 (10 mg) dissolved in distilled water was dropwise added to 10 mL distilled water containing 10 mg MSN, and stirred at room temperature for 24 h, and then washed with distilled water to remove the unbounded Ce6 and Dox. The resulting nanoparticles solution was filtrated through a 0.22 μm filter (Millipore, USA) before use.
Preparation and characterization of RMSNs-Dox/Ce6
Firstly, red blood cell-mimetic vesicles (RVs), which were devoid of cytoplasmic contents, were prepared according to our previous report [42, 48] . To prepare RMSNs-Dox/Ce6, RVs were coated onto MSNs-Dox/Ce6 by co-extruding through a 200nm polycarbonate membrane for at least 10 passes. Blank RMSNs, RMSNs-Dox without Ce6 and RMSNs-Ce6 without Dox were prepared with corresponding procedure as RMSNs-Dox/Ce6. The particle size and Zeta potential were measured using a Malven zetasizer ZEN3690 analyzer (Malven, UK).
A transmission electron microscopy (TEM, Tecnai G2 F20 S-TWIN, FEI, Hillsboro, Oregon, USA) was used to examine the surface morphology of RMSNs-Dox/Ce6. Samples were placed on copper grid with films and air-dried before imaging. The morphologic changes of RMSNs-Dox/Ce6 in response to laser irradiation was visualized by irradiating the nanoparticles solution with a 655nm laser (Changchun New Industries Optoelectronics Tech. Co., Ltd, Changchun, China) for 5 min at a power output of 2 W cm -2 , then immediately performed by TEM.
The stability of MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 in physical environment was simulated by dispersing 1 mg MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 in 1640 medium containing 10% FBS for two weeks, respectively. Their particle sizes were measured at different time points by a Malven zetasizer ZEN3690 analyzer.
To examine the photoactivity of Ce6 in RMSNs-Dox/Ce6, RMSNs-Dox/Ce6, RMSNs-Ce6 and Ce6 solution with a Ce6 concentration of 10 μg/mL was added with the ROS probe singlet oxygen sensor green (SOSG) according to the manufacture's protocol, respectively. The blank RMSNs were used as a control. The solution was then illuminated with a 655nm laser (Changchun New Industries Optoelectronics Tech. Co., Ltd., Changchun, China) at 2 W cm -2 . At appropriate points, the ROS generation was determined by measuring the fluorescence of SOSG (excitation = 525 nm).
The in vitro Dox release profile of RMSNs-Dox/Ce6 was carried out by dialysis method. 1 mL of RMSNs-Dox/Ce6 and MSNs-Dox/Ce6 containing 0.5 mg Dox was added into dialysis bag (MWCO= 14000) and sealed, respectively. Then these bags were kept in 1× PBS (pH=7.4 or 5.0) under horizontal shaking at 100 rpm for 48 h. To investigate the stimuli effect of laser irradiation on the release behavior, the release experiment of RMSNs-Dox/Ce6 was performed with or without 2 W cm -2 655 nm laser irradiation for 5 min at different time points at 37 ℃. At appropriate time point, 100 μl of different samples was collected, and a microplate reader (Infinite F200, TECAN, Austria) was used to monitor the released Dox content. To visualize the release behavior, at the end of the release experiment, the fluorescence intensity of Dox and Ce6 in RMSNs-Dox/Ce6 solution was imaged under the Image Lab system (Bio-Rad, USA), respectively. Free Dox and Ce6 with or without laser illumination were set as controls, respectively. To avoid the fluorescence interference of Ce6 to that of Dox, the fluorescence of Dox was determined at excitation wavelength of 488 nm and that of Ce6 was 654 nm. The drug-loading ratio (DL%) and encapsulation efficiency (EE%) of RMSNs-Dox/Ce6 were analyzed according to the fluorescence intensity of Dox and Ce6 by a microplate reader, which were calculated by the following formula: DL (%) = ((weight of recovered drug)/(weight of nanoparticles)) ×100; EE (%) = ((weight of recovered drug)/(weight of initially added drug)×100.
ROS generation in vitro and cellular uptake of nanoparticles
The laser-induced ROS generation experiment was performed by the Reactive Oxygen Species assay kit according to the manufacturer's instructions. Briefly, 4T1 cells were seeded in 24-well plates at 8×10 4 cells/well. After 24 h incubation, free Dox, MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 were added to the 4T1 cells at a Ce6 concentration of 3 μg/mL, and a Dox concentration of 10μg/mL for 4 h, respectively. Then the cell culture medium was refreshed and added with 10μM of fluorescent probe DCFH-DA and 1μg/well Hoechst 33342. RMSNs-Dox/Ce6-incubated cells were then treated with a 655nm laser for 5 min at different laser powers. Cells were visualized under a confocal laser scanning microscopy (CLSM, Olympus Fluoview 1000, Japan). To further qualify the ROS generation, cells were washed, harvested and resuspended in PBS, and the fluorescence analysis was acquired by a FACSCalibur system (Becton Dickinson, USA).
To evaluate the photodynamic influence on cellular distribution of Dox, the 4T1 cells were treated with free Dox and different nanoparticles at a Dox concentration of 10 μg/mL for 1, 2 and 4 h, respectively. Cells incubated with RMSNs-Dox/Ce6 (3 μg/mL Ce6 and 10 μg/mL Dox) were exposed to 2 W cm -2 655 nm laser irradiation for 5 min. After 30 min, cells were washed with PBS, and the fluorescence was monitored by a microplate reader (Infinite F200, TECAN, Austria).
In vitro chemo/phototoxicity of RMSNs-Dox/Ce6
To determine the chemo/phototoxicity of RMSNs-Dox/Ce6, 4T1 cells were seeded in 96-well plates at 4×10 3 cells/well overnight. Then, medium was removed and replaced by fresh media including various concentrations of free Dox and different nanoparticles, respectively. The final concentrations of Dox ranged from 1.0×10 -4 to 0.01 mg/mL. For MSN-Dox/Ce6+L, RMSNs+L and RMSNs-Dox/Ce6+L group, cells were irradiated with a 2 W cm -2 655 nm laser for 5 min after 4 h incubation, respectively. Cells incubated with MSNs, RMSNs, and RMSNs+L were used as controls. To determine the phototoxicity of free Ce6 and Ce6-loaded RMSNs-Ce6, cells were incubated with Ce6 of different concentration ranging from 1.0×10 -4 to 0.01 mg/mL, and irradiated with a 2 W cm -2 655 nm laser for 5 min after 4 h. After 24 h incubation, cell cytotoxicity was calculated by the sulforhodamine B staining assay through a microplate reader (Infinite F200, TECAN, Austria). Each group was repeated in sextuplicate.
To further visualize the cell chemo/phototoxicity of RMSNs-Dox/Ce6 treatment, 4T1 cells were seeded in 96-well plates at 5×10 3 cells/well and incubated overnight. Then medium was replaced with fresh media, and added with RMSNs-Dox/Ce6. After 4h incubation, cells were irradiated with the 655nm laser at a power density of 2 W cm -2 for 5 min. Cells without nanoparticles treatment were irradiated as control. After 24 h, all cells were washed with PBS, treated with Calcein AM and PI according to the manufacturer's protocol, and detected under a fluorescent microscope (IX81, Olympus, Japan).
In vivo imaging and laser-triggered Dox distribution of RMSNs-Dox/Ce6
Owing to the strong fluorescence emission in the deep-red light region, the biodistribution of RMSNs-Dox/Ce6 experiment was conducted by fluorescence imaging analysis in a well-established spontaneous 4T1 mouse breast metastatic cancer model. Tumor-bearing Balb/c nude mice were randomly divided into two groups when the tumor volume reached 200-400 mm 3 , and intravenously injected with MSNs-Dox/Ce6 and RMSNs-Dox/Ce6 (Ce6 of 3 mg/kg), respectively. At 0.5, 1, 4 and 24 h after injection, mice were anesthetized and imaged under the IVIS imaging system (Xenogen, Alameda, CA). At the end of the experiment, mice were sacrificed, and major organs were collected, rinsed with cold PBS and imaged by the IVIS imaging system.
To investigate the in vivo Dox biodistribution of RMSNs-Dox/Ce6, female Balb/c nude mice bearing 4T1 tumors were intravenously injected with free Dox, RMSNs-Dox/Ce6 (Dox of 5 mg/kg). To evaluate the PDT effect on Dox distribution of RMSNs-Dox/Ce6 in vivo, tumors were irradiated by the 655nm laser at 2 W cm -2 for 5 min in RMSNs-Dox/Ce6 group at 4 h after injection. At different time points, mice were sacrificed, and major organs were collected, rinsed with cold PBS. For further quantitative analysis, the weighed tissues were mixed with DMSO, homogenized, and centrifugation at 1×10 4 rpm for 10 min. The supernatants were collected and measured for the content of Dox using a microplate reader (excitation = 479 nm).
In vivo antitumor and anti-metastasis efficacy
The tumor inhibition experiment was conducted in a 4T1 spontaneous 4T1 mouse breast metastatic cancer model. Mice were randomly assigned to six groups (n=6). 100 μl of 4T1 cell suspension (2×10 5 cells) was injected into the right mammary gland of nude mice to develop the spontaneous metastasis model. When the tumor volume reached 50-100 mm 3 , mice were treated with saline, Dox, RMSNs+Laser, the mixture of Dox and Ce6 in combination of laser illumination (Dox/Ce6+Laser), RMSNs-Ce6+Laser, RMSNs-Dox and RMSNs-Dox/Ce6+Laser (Dox of 5mg/kg, Ce6 of 2.5 mg/kg). At 4 h after injection, for laser groups, tumors of mice were irradiated by a 655nm laser at 2 W cm -2 for 5 min. The treatment was repeated every two days for eight times. Body weight and tumor volume were measured every time after injection. The tumor volume was analyzed by this formula: V= L×W×W/2 (L, longest dimension; W, shortest dimension). At 22 day, animals were sacrificed, major organs were immediately excised, washed with cold PBS and fixed with 4% formalin. The tumors were photographed and weighted. The tumors were then embedded in paraffin, subjected to the fluorescence TUNEL assay to measure the intratumoral late apoptosis, and also stained by hematoxylin and eosin (H&E) for the apoptosis and necrosis evaluation. The pulmonary metastatic nodules were counted to detect the micrometastatic foci, and lungs were stained by H&E for histopathological analysis. Images were observed under a fluorescence microscope (Olympus, Japan). To observe the systemic toxicity of all the Dox formulations, heart, liver, spleen and kidney were excised, stained by H&E and imaged by a fluorescence microscope (Olympus, Japan).
Statistical analysis
The mean values ± SD was determined for each treatment group and each value represented the mean of at least three repetitive experiments in each group. Non-parametric test was performed using IBM SPSS statistics to assess the significance of the difference between two groups, * p < 0.05 and ** p < 0.01.
Supplementary Material
Experimental methods and results, supplementary figures and tables. http://www.thno.org/v07p0523s1.pdf
